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ABSTRACT

Prominentin the ‘Field of Streams’ — the Sloan Digital Skyn&y map of substructure in the
Galactic halo —is an ‘Orphan Stream’ without obvious pratgenin this numerical study, we
show a possible connection between the newly found dweeflsatUrsa Major 11 (UMa II)
and the Orphan Stream. We provide numerical simulationbefitsruption of UMa Il that
match the observational data on the position, distance amghology of the Orphan Stream.
We predict the radial velocity of UMa Il as100 kms™*, as well as the existence of strong
velocity gradients along the Orphan Stream. The velocipeision of UMa Il is expected
to be high, though this can be caused both by a high dark naitgent or by the presence
of unbound stars in a disrupted remnant. However, the existef a gradient in the mean
radial velocity across UMa Il provides a clear-cut distiontbetween these possibilities. The
simulations support the idea that some of the anomalousig/balo globular clusters like
Palomar 1 or Arp 2 or Ruprecht 106 may be physically assatiatth the Orphan Stream.

Key words. galaxies: dwarfs — galaxies: individual: UMa Il — galaxiégnematics and
dynamics — galaxies: evolution — methods: N-body simufaio

1 INTRODUCTION a dwarf galaxy. Themn, Zucker etlal. (2006) provided follop/Sub-

. c 5 aru imaging of the diminutive satellite, confirming it as ardipted
[« . !
Data from the Sloan Digital Sky Survey (SDSS. York etal. TQOOO dwarf galaxy and naming it Ursa Major Il (UMa Il) after its hos
have revealed abundant examples of streams and subsgructur :
the Milky Way halo. F I&, Belokurov ef 41, (2006a)ds constellation.
e llky Way halo. For example. Belo urov-etaL e a)dise One possible interpretation of the data is that UMa Il is the
simple colour cuy — r < 0.4 to map out the distribution of stars

; . N progenitor of the Orphan Stream. Closely related is theipititg

IcnoiDpcS)sSiteD?ri\gR:lss%%gs(e?jRo?‘)hggiitE:je;dsﬁZeSstrgftrE: ’S;‘S;GB' that both UMa Il and the Orphan Stream are remnants from the
) > . k- f ill | ject, perh idal f gl

sity of these stars, showed the leading arm of the well-knSamgit- break-up of a still larger object, perhaps a tidal dwarf galsee

ari ¢ dthe M - learlv. Also i e.g..Kroupa 1997). In this theoretical study, we strengthe case
arius stream and the Monoceros ring very clearly. ASo pnemt for such interpretations by providing an orbit for the distian of
was a new stream, which did not have an identified progeritat,

UMa Il so that its tidal tails match the observational datailable
was called the Orphan Stream|by Belokurov et al. (2006a). s ! vad

The Orphan Stream was then analysed independently by on the Orphan Stream.
two groups. Grillmair [(2006) reported that there was a dimin
tive Galactic satellite that lay near the projected pathhef mew
stream but that it was “unlikely to be related to it”. Belo&uret al. 2 OBSERVATIONAL DATA
(2006b) disagreed, noting that the diminutive satellite da the
same Galactocentric great circle as the Orphan Stream. dhey
gued that there was a preponderance of unusual objects #lisng
great circle — including the Complex A High Velocity Cloudsda
the young halo globular clusters Ruprecht 106 and Palomart—
suggested that some or all may be the remnants of the disnugfti

The UMa Il dwarf galaxy/(Zucker et al. 2006) is located at tigh-
censiona = 132.8° and declinationd = +63.1°. Its heliocentric
distance is estimated d%; = 30 + 5 kpc, whilst its radial veloc-
ity is as yet unmeasured. UMa Il appears elongated along bifie
increasing right ascension with an ellipticity of 0.5. Follow-up
observations of the central parts with Subaru reveal mae time
density enhancement within the satellite, which suppdntsfact
that it may be in the process of tidal disruption. But, no olrgi
* Email: madf@ast.cam.ac.uk,nwe@ast.cam.ac.uk,vasgy.aan.ac.uk tails around the object are discernible in the wider field Si&ta.
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Figure 1. Orbit of UMa Il in the (z, y)-plane (left),(z, z)-plane (middle) andR = +/x2 + y2, z)-plane (right). The red solid line is the backwards orbit
from the present position and the green dashed line is timafdrorbit over 1.5 Gyr. The red star with error bar shows ties@nt position of the UMa Il dwarf
galaxy. Black crosses with error bars show the position @f@nphan Stream from Tallé 1. The positions of some globluaters which may be associated
with the stream are marked with blue, open triangles. Thanii® bracket to the Complex A is marked with black, open rsua

Table 1. Positions, distance moduli, distances and heliocenttincitees of

the Orphan Stream From Belokurov et al. (2006b).

«a é m— M Do vE
162.1°  —0.5° 16.5+0.7 207Tkpc  —35+10kms !
158.9°  85° 165+£0.9 20710 kpc —
155.4°  17.0° 17.1+0.7 2671° kpc —
152.3°  25.0° 17.5+0.8 32%]3 kpc —
149.4°  32.0° 175409 32715 kpc +105+10kms !

The total luminosity of UMa Il isMo¢,v = —3.8 £ 0.6 mag. This
translates into a stellar massef6 x 10* M, applying a conserva-
tive mass-to-light ratio o2 which is typical for an old population.
This is a lower limit for the present-day mass of the remnaijgd.

UMa Il lies on the same great circle as the Orphan Stream.
This can be traced for over 50° in upper main sequence and
turn-off stars in the SDSS data. By constructing a colougmitade
mask based on the ridge-line of the old metal-poor globulss-c
ter M92,| Belokurov et al! (2006b) showed that the Orphanabtre
is closer to us at lower declinations than at higher. Theadists
and distance moduli to the Stream at different right ascenand
declination are listed in Tablg 1.

The total magnitude of the Orphan Streamwis ~ 9.8. As-
suming the smallest distance modulus from Téble tof M =
16.5, this results inM, ~ —6.7 or 3.5 x 10* solar luminosities.
Taking the largest distance modulusmaf— M = 17.5, the total
luminosity of the stream isz 8 x 10* L. With a mass-to-light
ratio for an old stellar population &, this amounts to a total mass
in stars in the Orphan Streamsf10° M.

Belokurov et al.[(2006b) speculated that there might be a con
nection between the Orphan Stream and the agglomeratiagtof h
velocity clouds known as Complex A, which lie on the same grea
circle. Complex A is located between = 126.7°, § = 67.4°
anda = 134.5°, § = 61.7° with a distance bracket betweén
and 15 kpc in heliocentric distance (see e.g., Wakker ét al. 1996;
Wakkern 2001). The measured radial velocity of this cloud plax
is in the range of-140 to —190 kms™*. Of course, the velocities
of gas clouds may be affected by forces other than grawvitatio
ones.

3 SET-UP

Our working hypothesis is that the UMa Il dwarf galaxy is the
progenitor of the Orphan Stream. To determine a possibli, orb
we first perform test-particle integrations in a Milky Waytenotial
which consists of a logarithmic halo of the form

2
Phalo(r) = %O In (2 +y°¢ % + d°), @

with ¢ = 1,79 = 186 kms ! andd = 12 kpc. The disc is repre-
sented by a Miyamoto-Nagai potential:

G My
VR vETe)
with My = 10" Mg, b = 6.5 kpc ande = 0.26 kpc. Finally, the
bulge is modelled as a Hernquist potential

G My,
r+a’

(I)disc(R7 Z) = (2)

(I)bulge(r) = (3)
using My, = 3.4 x 10'° Mg anda = 0.7 kpc. The superposi-
tion of these components gives quite a good representatitireo
Milky Way. The circular speed at the solar radiusi220 kms™*.
The major advantage is the analytical accessibility of adirgities
(forces, densities, and so on).

First, we use trial and error to find a suitable orbit which re-
produces most of the observational data. We then compg@thi
bit backwards forl0 Gyr and insert a live progenitor. We use the
particle-mesh code Superbox (Fellhauer €t al. 2000) toparthe
forward integration until the position of UMa Il today is eed.
We then analyse the location of the tidal tails, adjust thampaters
from the test-particle simulation and re-run the full N-ododel
to optimise the fit to the observational data. This procetha®to
be done because the location of the tidal tails differs frbat bf
the orbit.

At outset, we do not distinguish between dark and luminous
matter and use a one-component model with a Plummer profile.
Later, we also use a more elaborate two-component modei; mot
vated by the endpoints of cosmological simulations. It hakem-
quist sphere corresponding to the luminous matter, emioeitida
dark matter halo which has the Navarro-Frenk-White form.ilve
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Figure 2. All-sky view of the UMa Il orbit and the best matching simu-
lation. The panels show right ascension versus declindtipper), right
ascension versus heliocentric distance (middle) and @ghension ver-
sus heliocentric radial velocity (lower). The grey-scatmtours show the
logarithmic densities of the UMa Il tidal tails in the simtiéa. The solid
red (dashed green) line is the backward (forward) orbit shfaw 1.5 Gyr.
Black crosses mark the position of the Orphan Stream aneéthgtar marks
the position of UMa Il. Blue triangles show the globular ¢érs, Arp 2,
Terzan 7, Ruprecht 106 and Palomar 1. Squares show theopositCom-
plex A with its distance and velocity brackets. [The startmass of the
Plummer model representing UMa lldsx 10° M and its scale-length is
80 pc]

vestigate the effects of changing the initial mass, darkenabn-
tent and scale-lengths of both models.

4 THEORBIT
4.1 Predicted Velocities

Our best matching orbit puts UMa Il at a heliocentric distoé
34 kpc, which agrees with the observational daturn_of Zucketlet a
(2006). We predict the radial velocity and (heliocentrig)ger mo-
tions of UMa Il as

veo = —100 kmsfl,
—0.33 mas yr ! (4)

fo COSI =
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ps = —0.51masyr "

The resulting orbit is shown in Fiffl 1. It has a perigalaaticd

~ 18.4 kpc and an apogalacticon ef 40.6 kpc. This orbit not
only connects UMa Il with the Orphan Stream but also permits
Complex A and several globular clusters of the Milky Way to be
related to it.

The tidal tails of UMa Il do not lie precisely along UMa II's
orbit. Fig.[2 shows grey-scale contours of the tidal debrishie
planes of right ascension versus declination, heliocewnfistance
and heliocentric velocity respectively. The positionatadan the
Orphan Stream is nicely matched by the tidal tails. The model
predicts a strong velocity gradient along the Orphan Stredtin
the radial velocity varying fron200 kms~! at the southern end
(o &~ 170°) to —100 kms™! at the northern enda( ~ 130°).
The gradient in radial velocity becomes shallower at higlesdi-
nations.

The Orphan Stream may also have been detected as a density
enhancement in star count data derived from CADIS or therCala
Alto Deep Imaging Survey (Fuchs et al. 2006). This idea rexei
some support from Fifl 2, as their 9h field falls on the secorapw
of the backward orbit.

4.2 Possibly Associated Objects

On the basis of intersections of their polar paths, Beloketaal.
(2006b) speculated that there may be a connection betweddrth
phan Stream and a number of anomalous, young halo globuk cl
ters — in particular Palomar 1, Ruprecht 106, Arp 2 and Terzan

From Figs[1 and[]2, we can assess how Belokurov et al.'s
speculations fare against the simulation. The position ralial
velocity of Pal 1 is a good match to the forward orbit of UMa II.
In this context, it is interesting to note that Figure 1 of Keicet al.
(2006) shows clumps visible in the central parts of UMa Ill. Pa
looks like one such clump that has already broken off andslead
UMa Il. Arp 2 is also well-matched in position and radial vty
of the forward orbit, although it has also been claimed assaipte
Sagittarius stream member on the basis of distance, kinesvaatd
chemical composition (see elg., Sbordone et al.l2005). dsiEign
of Rup 106 is a good match to the backwards orbit, but its veloc
ity is not (it should lie on the upper rather than the lower pviia
Fig.[2). However, bearing in mind the distance errors to thbigar
clusters, Rup 106 probably cannot be discarded. Ter 7 dess se
to be ruled out — the right panel of Fig. 1 and the middle pafel o
Fig.[2 show substantial mismatches between its distancéhandf
the forward orbit of UMa II.

Belokurov et al. |(2006b) also pointed out the remarkable
alignment between the Orphan Stream and the Complex A @associ
tion of High Velocity Clouds (HVCs). Although we do not addse
the origin of Complex A in this paper, we note that the forward
orbit does pass through the location of Complex A, and even th
heliocentric velocities are reasonably well-matched (eedower
panel of Fig[®). If the clouds of Complex A are indeed asgedia
with the Orphan Stream, the simulation suggests that tkeendire
than a revolution ahead in orbital phase.

5 THE MORPHOLOGY OF THE ORPHAN STREAM

With this orbit in hand, we can deduce some constraints on the
initial mass of UMa II. The length of the tidal tails is contesl by
the total initial mass of the satellite (dark and luminoustereare of
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Figure 3. Left: The length of the tidal tail as a function of the initimlass of the object, shown in the top left of each panel. Thetadshows the position of
UMa II, the black crosses the positions of the Orphan Stréfthe initial mass is of the ordes x 10% M or more, we should see more than one wrap. If
the initial mass is of the ordein® M, or less, the tail is not long enough to match the Orphan StrgEime scale-length of the Plummer model representing
the progenitor of UMa Il is 80 pc. The duration of the simudatis 10 Gyr.] Right: The length of the tidal tails as a funotiaf time, shown in the top left of
each panel. The time has to be on the order of 7.5 Gyr or great@rsure that the tails are long enough to match the Orphearst [The starting mass of

UMalllis 4 x 105 Mg and its scale-length is 80 pc.]

course not differentiated in our one-component simulabiolfi this
mass isS 10° Mg, the resulting tails are too short to be consistent
with the ~ 50° arc of the Orphan Stream visible in SDSS. On the
other hand, if the initial mass |5 5 x 10° M, further wraps of the
leading and trailing arms should then be seen in SDSS data. Th
is illustrated in the left panels of Figgl 3, which shows thdatitails
produced by the disruption of a sequence of UMa llIs of diffiere
starting masses. Similarly, sequences of the disruptiddgihdé 1ls

for different times, as shown in the right panels of [Eiy. 3ygast
that timescales less than 7.5 Gyr are insufficient to regredhe
present-day length of the Orphan Stream.

Having found lower limits for the progenitor mass and the
simulation time, we now focus on two particular models. Thet fi
is a one-component model in which dark and luminous mateer ar
not distinguished. It has a Plummer distribution with a maks
M, = 4 x 10° Mg and a scale-length d®,; = 80 pc. The ra-
tionale for these parameters will become clear in 9dct. &ravh
we place further constraints on the progenitor mass by iaves

gating the remnant. The second is a two-component model with

the luminous matter represented by a Hernquist sphere wagsm
Muyern = 5 % 10° Mg and a scale-length @00 pc. The is embed-
ded in a Navarro-Frenk-White (NFW) dark matter halo. The NFW
model has the same scale-length as the luminous matteth&wge
with a mass within the cut-off radius (set to be the tidal uadat
perigalacticon) which is ten times greater than the lumsnmass.

If the NFW mass is made larger or the scale-length smalien, tihe
progenitor becomes much harder to disrupt and does not bkésem
the present-day UMa II.

There are a number of morphological features that both the si
ulations reproduce successfully. First, the tidal tailshaf models
have a full-width half-maximum (FWHM) of- 2°. This matches
the FWHM of the Orphan Stream as measured by Belokurov et al.
(2006D). In both simulations, the mass in the Orphan Stream i
< 105 Mg, in reasonable agreement with the stellar mass inferred
from its luminosity of~ 8 x 10%Ly (Belokurov et al! 2006Db).
There is just one arm visible in the one-component model thad
total mass in the Stream s 6 x 10* M. This is a closer match
than the~ 3 x 10* M, in stars present in both arms in the Orphan
Stream for the two-component model.

Both models reproduce the positional data of the Orphan
Stream very well and are in good agreement with the measised d
tances. Nevertheless, in the two-component model, a wiamed
of the leading arm is present, which gives a better fit to thelow
declination data points in the middle panels of Eig. 4. Fentthe
velocity data-point at the low declination (or high rightassion)
end of the Stream shown in the lower panels of Eig. 4 can only be
reproduced with the presence of a wrapped around leading arm

6 THE MORPHOLOGY OF UMA II

We can sharpen the constraints on the initial mass by regutinat
the simulations also reproduce the disrupted nature of UMself.
Fig.[d shows the results of the disruption of the one-compbne
model (left panels) and the two-component model (right [gne
The three rows show the surface brightness, the logaritiderc
sity distribution in right ascension-heliocentric distarand in right

Fig.[4 shows a close-up of the simulation data at the posi- ascension-heliocentric velocity space, respectively.

tion of the Orphan Stream for the one and two-component rsodel

For one-component models, we find that satellites with an

© 2006 RAS, MNRASD00, [1H3
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Figure 4. A close-up of the Orphan Stream in the one-component model
(left panels) and the two-component model, showing lumsnmass only
(right panels). Red solid (green dashed) line shows thevietk(forward)
orbit of UMa Il. The purple crosses with error-bars mark theervational
results from _Belokurov et all. (2006b). From top to bottom pheels show
the surface brightness Iri (mass is converted into luminosity using a mass-
to-light ratio of 2), the logarithmic density distribution in right ascension
heliocentric distance space and the logarithmic dens#iyidution in right
ascension-radial velocity space. Both models match thitigreal data of
the Orphan Stream. Both models also fit the observationtdrdies within
the errors, but in the two-component model the closest twa-paints
are better matched with the wrap-around of the leading arnictwis not
present in the one-component model. Also, the velocity omeasents are
only matched if the leading arm is present.

initial mass> 10° M do not become sufficiently dissolved to
resemble the present-day UMa Il. Below this, there is a trade
off between starting mass and scale-length. For exampl&jra-P
mer sphere with mas3f,; = 5 x 10° My and scale-length
Rp1 = 100 pc gets completely dissolved without a remnant, whilst
one withRy,; = 85 pc gives a remnant which is too massive by two
orders of magnitude. Reducing the mass\Mg, = 4 x 10° Mg

and usingR,1 = 80 pc results in a remnant with similar mass and
aspect to UMa Il. Figl16 shows the evolution of the bound mass
of our one-component model. If the final mass of the remnant is
~ 6 x 10° Mg, then an object with an initial mass ef 10° Mg,
must be in its final stage of dissolution. A robust result it time
initial distribution of the satellite cannot be very contrated, oth-
erwise there is insufficient mass loss to produce the Orphaai®.

For two-component models, it is a challenge to reproduce the

dissolved nature of the present-day UMa Il. As our illusteex-

(© 2006 RAS, MNRASD00,[1H9
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Figure 5. A close-up of the UMa Il remnant in both models. Left panels
show again the one-component model, while right panels shewtwo-
component model. The top row shows the surface brightnesdl pérti-
cles in the one-component model and of the luminous mattlsr inrthe
two-component model. The second row gives the logarithreitsiy dis-
tribution in right ascension—distance space while thedthiov shows the
distributions in right ascension-radial velocity. Theaokd lines are as in
Fig.[.
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Figure 6. The bound mass of UMa Il is plotted against time for the one-
component model. During most of its lifetime, the mass desge only
slightly with each perigalacticon passage. However, thiedisc shock leads
to the final disruption of the object and the bound mass drojckly to
zero. At this particular instant, the stars of the objectonee unbound but
have not yet dispersed from the location of the object. Agrlapochs, the
bound mass is zero and the stars disperse into the tails.
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Figure 7. The peak surface densiynax (black) and the mean heliocen-
tric distanceD¢, (green) of the Orphan Stream are plotted as a function
of right ascension for the one-component (two-componemlets in the
upper (lower) panels. The vertical red lines mark the rarfgéght ascen-
sion over which the Orphan Stream is detected in SDSS data Wibr-
responds to the sharp density peak at right ascensica 132.8°. The
fading of the Orphan Stream just before it approaches UMadaused by
the decreasing peak surface density and the increasing distance.

ample, we use a Hernquist spheresof 10° M, and scale-length
of 200 pc, embedded in a Navarro-Frenk-White halo with the same
scale-length and with a mass®k 10° M, within the tidal radius
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Figure 8. Histogram of heliocentric distances of stars if).da° x 0.4°

field centred on UMa Il, approximately the same size as theelpaim
Zucker et al. [(2006). The inset shows the histogram of digtsrbut now
confined to the very central parts of UMa 0.(° x 0.1° field). The data
are taken from the one-component (two-component) modehenupper
(lower) panels.

with our models, we conclude that our one-component model fit
the extension of the real object much better than the twopoomant
model.

Another advantage of the one-component model is that there i
some substructure in the UMa Il remnant, as is visible in {heen

of 400 pc. These parameters are set given the constraint that theleft panel of Fig[b. In the simulation, this is caused by lt&teock-

present-day mass in the Orphan Stream i0° M. If the mass-
to-light ratio of the progenitor is- 10, this fixes the halo mass,
whilst the scale-lengths must be in exces2@d pc to allow for
enough luminous matter to be stripped off and found in then@np
Stream. Even so, at the endpoint of the simulation, the ratrires

~ 10° Mg, in stars. This is too large by two orders of magnitude!

For both the one and two component models, the UMa Il rem-

nant in Fig[5 shows a prominent elongation — not along itét orb
— but along lines of constant declination. The same eloogat
found in the deeper, follow-up observations with the Suliahe-
scope reported by Zucker et al. (2006). Comparing the sizbeof
observed UMa Il of about one degree along constant deadimati

ing of the remnant at the last few disk passages. The substelis
qualitatively similar to internal clumpiness of the UMa Bph seen
bylZucker et al.|(2006). However, to recover the details i fiba-
ture may well require a more elaborate starting model thample
Plummer sphere. The two-component model shows no substeuct
at the end of the simulation.

Both simulations not only match all the available positiona
data, but — more strikingly — they also explain why the taitsuad
UMa Il are faint and undetectable with SDSS. At the positiohs
the Orphan Stream, projection effects enhance the visilfithe
well-collimated stream, which lies almost along the linesafht.
By contrast, at UMa Il the orbit is almost transverse to time li

© 2006 RAS, MNRASD00, [1H3
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Figure 9. This shows contours of the V band surface brightness, theeigldispersion and the mean radial velocity of the remiiroiur simulations. The
first three rows refer to the one-component model after 9 BYiGyr and 11 Gyr. This is a sequence from bound through disgipo almost completely
dissolved object. The final row shows the endpoint of the tamponent model after 10 Gyr for comparison. (The key to tileur code is given on the
right-side of the top panels).

Galactic Model q D¢ Ve Lo s Ry Ra
kpc] [kms~!] [masyr!] [masyr!] [kpc] [kpc]

Miyamoto-Nagai disc, Logarithmic halo  0.90 30 -100 -0.50 .50 18.9 34.5
Miyamoto-Nagai disc, Logarithmic halo  1.00 30 -115 -0.40 5@ 18.8 37.2
Miyamoto-Nagai disc, Logarithmic halo  1.11 30 -105 -0.35 .50 17.8 36.7
Dehnen & Binney models 1.00 33 -125 -0.25 -0.65 14.2 40.8

Table 2. Parameters for best fit test-particle orbits for differémvices of potential. The first column gives the Galactic nhdeler the logarithmic halos; is

the flattening of the equipotentials [see €d. (1)], whereashe Dehnen & Binney (1998) modelgjs the flattening of the isodensity contours [see[éq (5)].
The columns give the best-fit initial conditions of UMa Il iydso as to join up with the Orphan Streaml; the heliocenistadce, heliocentric radial velocity
and proper motion iy andd. The last two columns show the peri- and apogalacticon ritist of the orbit. Note that the values for the= 1 logarithmic
halo case differ slightly from the values in the main papeadose only the test-particle orbit was fit to the data in tlaisld.

of sight and there is no enhancement from projection effdtis Fig.[8 shows the distribution of heliocentric distancestafs
provides a natural explanation as to why an extension of the O ina0.4° x 0.4° field centred on UMa Il remnant, together with an
phan Stream is not visible all the way up to the position of UMa inset that records the same information but now confinedgtodny

in SDSS data. This phenomenon is also illustrated in[Eig. ithvh  innermos®.1° x 0.1° field. Although the innermost parts are quite
shows the peak density in the simulated Orphan Stream drgppi  confined, the entire object has a significant depth alongimtieeof
and the mean heliocentric distance increasing, as UMa lpis a sight of~ 1 kpc, particularly in the one-component model. This is
proached.

(© 2006 RAS, MNRASD00, [1H3
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of the right order of magnitude to cause the broadening dfifea
of the colour-magnitude diagram discerned by Zucker |eR806).

7 VELOCITY DISPERSIONS

We have shown that the initial mass (stars and possible datterh
must exceed0® M, to account for the length of the tidal tails and
the known stellar mass in the Orphan Stream. But any objehtavi
total mass> 10° M, typically leads to a present-day UMa |l which
is still strongly bound and has a luminous matter contrjutat
least an order of magnitude larger than the obseévedl0®> M.

One solution to this dilemma is to postulate that we are ob-
serving UMa Il at a time close to its disintegration. The ldistc
passage led to the almost complete disruption of the renuiant
ject. The stars are now rapidly becoming unbound. They hate n
yet dispersed along the orbit into the tidal tails and wé st them
in the innermost parts of UMa Il in a very confined area (seérthe
set of Fig[T). If so, then the interpretation of kinemati¢admay
need special care.

The first three rows of Fid.]9 all show one-component mod-
els. We used exactly the same set-up, but started the siorukt
9 Gyr, 10 Gyr or 11 Gyr ago on the same orbit to make sure all

models are now seen at the same position on the sky (to exclude

projection effects). The bound object in the first row has alkm
velocity dispersion, which is even lower than that in thecund-
ing tails. But the mean line of sight velocity is constanbtighout
the bound object and a gradient is only visible in the tailsisT
changes dramatically in the disrupting model shown in thedhei
panel. We still see an object with a similar total surfacglumess,
but it already shows sub-structure on small scales. Theirgldis-
persion is inflated by a factor of ten, but the dissolved reatiithe
remnant is already visible in the mean radial velocity. Ehisra
strong gradient throughout the object, even though the mean
locity shows some flocculent structure. In the third row, inict
the process of disruption is almost complete, the dissoblgect
has a low surface density, which will decrease further inftiere
until it matches that of the tails. The velocity dispersisragain
low, at much the same value as that of the tails. Looking at the
mean radial velocity, it is hard to distinguish what remaifishe
object from the tails. For comparison, the final row of Elgh®ws
the same quantities for the two-component model. The finahBo
object has smooth surface brightness contours, a highityeltis-
persion because of the dark matter content and no gradiehein
mean radial velocity.

Follow-up high precision kinematic observations of thisvne
dwarf galaxy could reveal a high velocity dispersion, ipastive
of the dark matter content. However, the existence of a gradin
the mean radial velocity provides a clear-cut distinctietween a
disrupting object and a bound, dark matter dominated object

8 THE GALACTIC POTENTIAL

Hitherto, our Galactic model is built from three fairly sifepana-
lytic components that could have some deficiencies. Althoug

For example, we can vary the flattening of the halo. If we
change the halo shape from spherical to moderately prolate o
oblate, we still are able to fit all the data by slightly alterithe
starting velocities of UMa Il. This is illustrated in Takilé @hich
gives the velocities, and the pericentric and apocentstadces
for test particle calculations. Note thatin the logarithmic halo
refers to the flattening of the equipotentials — the flattgrimthe
density contours is typically two or three times greatee(sgy.,
Evans 1993). For moderate changes, a suitable orbit caysbea
found that joins up UMa Il with the Orphan Stream, but UMa II's
predicted velocity and proper motions are then somewhé&trelif
ent. Only if we use strongly prolate or oblate models doe®thi
of UMa Il change so dramatically that we are not able to fitfad t
data on the Orphan Stream at once. However, the recent sttity o
multiple wraps of the Sagittarius’ stream|by Fellhauer £(2006)
provides strong evidence that only spherical or close tespa
halo shapes are possible for the Milky Way.

As a further check, we change the type of the Galactic poten-
tial and use a Dehnen & Binney (1998) model. These potentials
consist of three exponential discs (thin, thick and gaseolise
halo and the bulge are represented by two spheroidal dititiis

ps(R,z) = po (%)_7 (1+ T—n;)w_ﬁ exp (—T—;) . (5

Herem? = R%+22¢~? andq is the axis ratio in the density, whilst
the remaining parameters are chosen as in Fellhauer e086)2
Table[2 shows how the intitial conditions or the test paticibit
change for the spherical casg £€ 1) for comparison. Again, an
orbit matching UMa Il to the Orphan Stream can be found, aerd th
changes in the initial conditions in Tadlé 2 give an indicatbf
the likely uncertainties in our predictions caused by clearig the
Galactic potential.

9 CONCLUSIONS

We have carried out N-body simulations to model the evotudiod
disruption of the recently discovered dwarf galaxy UMa lheT
simulations reproduce the available observational dattherOr-
phan Stream within their error margins. We conclude that UMa
is a likely progenitor of the Orphan Stream. We predict ttdiala
velocity of UMa Il as—100 kms™'. We also predict a strong ve-
locity gradient along the Orphan Stream with the radial e#jo
varying from~ 200 kms ™! at the southern end to —100 kms™*

at the northern end.

From the length of the tails and the mass found in the Orphan
Stream, we deduce that the initial mass of UMa Il is in excédss o
10° M. But, an object more massive tha@® M, cannot be dis-
solved to produce the present day UMa I, at least on the dabit
rived from the observations. Therefore, the initial mast/bfa Il
has to be of the order a fes0® M. To reduce UMa II's mass
through tidal effects to its present value, the distributad stars
and dark matter has to be extended. We carried out a suitenef si
ulations of the disruption of UMa Il with one-component misge
which have little dark matter beyond that associated wigrstiellar

are using the same standard model as many previous investiga populations, and two-component models with a mass-td-tafio

tors (e.g., Helmi 2004; Johnston etlal. 2005), it is pruderdam-
ine the robustness of our results to changes in the undgrGatac-
tic potential. Whilst re-running all the N-body simulat®mwould
be time-consuming, it is straightforward to carry out théahtest-
particle calculations described in Section 2 for differpotentials.

of ~ 10. There are strengths and weaknesses of both sets of sim-
ulations. Both reproduce the positions and distances dDtiphan
Stream, but the two-component models are in better agreemitbn

the admittedly uncertain kinematic data derived by Beloket al.
(2006b). However, the one-component models can providecmu

© 2006 RAS, MNRASD00, [1H3



better match to the disrupted nature of UMa Il today. The aelo
ity dispersion is not a clean test between these two poiibil
as we have shown that objects undergoing disruption can drave
anomalously high velocity dispersion. However, a cledrtest is
provided by the mean radial velocity, which should show radgr
ent for dark matter dominated models, but an obvious gradien
disrupting models.

The orbit that we have derived supports the idea of
Belokurov et al.|(2006b) that some of the anomalous, yourg ha
globular clusters (particularly Pal 1, Arp 2 and possiblypRiD5)
may be associated with the Orphan Stream. Intriguinglyptiss-
tion and velocity of Complex A can also be matched, but only if
it lies a revolution ahead in orbital phase. The associaifdhese
objects however makes most sense in the picture in which UMa |
the young halo globular clusters and Complex A are all fragisie
of a much larger object like a tidal dwarf galaxy.
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